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(57) ABSTRACT 


A system and method for conducting closed loop deep brain 
stimulation on an individual, and more specifically, for 
receiving local field potential neural signals, encoding and 
filtering the signals into the logarithmic domain, processing 
the signals, and determining optimal stimulation parameters 
for deep brain stimulation based on the processed neural 
signals. The system and method may also include an RF-DC 
converter such that the system may be powered in whole or in 
part based on radio frequency signals. The system and 
method may also include an RF transceiver such that the 
system may transmit data wirelessly to an external receiver, or 
may receive stimulation parameters wirelessly from an exter- 
nal transceiver. 
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1 
CLOSED-LOOP NEURAL STIMULATION 


CROSS REFERENCE TO RELATED 
APPLICATIONS 


The present application claims the benefit of priority to 
U.S. Provisional Application No. 61/659,296, filed on Jun. 
13, 2012, which is hereby incorporated by reference herein in 
its entirety. 


FIELD OF TECHNOLOGY 


The following disclosure relates to systems and methods 
for conducting closed-loop neural stimulation and, in particu- 
lar, for conducting closed-loop neural stimulation in treat- 
ment of various neurological disorders. 


BACKGROUND 


More than 10 million people in the U.S. suffer from move- 
ment disorders such as essential tremor, dystonia, and Par- 
kinson”s disease. Additionally, over three million people in 
the U.S. and over 50 million people worldwide suffer from 
epilepsy. One of the most effective emerging treatments for 
these diseases is deep brain stimulation (DBS) of the subtha- 
lamic nucleus with periodic, high frequency electric pulse 
trains. DBS has been federally approved for treatment of 
various movement disorders, with the FDA approving DBS 
treatment of essential tremor in 1997, Parkinson”s disease in 
2002, and dystonia in 2003. 

Treatment of a patient using DBS requires adapting high 
frequency electrical pulse trains to match individualized 
patient needs. Such customized treatment is achieved through 
adjustment of stimulation parameters such as amplitude, 
pulse width, and repetition rate (frequency). Though research 
on DBS has been ongoing for over a decade, the underlying 
principles ofDBS are still not clear. Consequently, the param- 
eters for DBS treatment have traditionally been set based on 
an analysis of visual signs of symptoms. 

Using visual symptoms to analyze and set electrical stimu- 
lation parameters requires that the patient, after receiving a 
surgical DBS implant, return to a neurologist or trained tech- 
nician such that the neurologist or technician may monitor 
symptoms and alter parameters accordingly using an external 
component to wirelessly transmit instructions to the 
implanted neurostimulator. This process takes 3-5 hours, and 
must be undertaken by the patient frequently in the first 3-6 
month period, and periodically after that as symptoms 
change. This type of system currently in place is called open- 
loop DBS. 

The DBS process may be substantially simplified by using 
a dedicated microprocessor to determine the proper stimula- 
tion parameters automatically, thus obviating the need for a 
neurologist or technician to repeatedly conduct this task 
manually based on assessment of visual symptoms. This sim- 
plified process is known as closed-loop DBS. 

Though the precise principles of DBS are not yet known, it 
is commonly understood that calibration of stimulation 
parameters may be reasonably obtained through measure- 
ment of one or both of two neural signals: spike signals, also 
known as action potentials, and local field potential (LFP) 
signals. One existing approach to DBS utilizes the first of 
these signals, spike signals, in conjunction with principal 
component analysis (PCA). Although this method can disen- 
tangle spike signals from each other and from background 
noise, it is extremely computation-intensive, making long 
term power supply of this type of DBS device by radio fre- 
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quency or battery infeasible. Further, recent studies have 
shown that the latter signal, LFP, is in fact a more effective 
DBS feedback indicator. Current closed-loop DBS 
approaches are therefore too power intensive to be feasible as 
a long-term RF or battery-powered solution, and they fail to 
utilize the more effective LFP signals, instead focusing pri- 
marily on spike signals. 


SUMMARY 


Disclosed herein is a system and method for conducting 
closed-loop neural stimulation. This electrical stimulation 
can provide treatment for various neurological disorders. 
While the precise mechanism of DBS is not fully known, 
disclosed herein is a system and method that take advantage 
of recent findings, making closed-loop neural stimulation 
possible for the first time. Namely, the system and method 
utilize measurements of local field potential energy in the 
brain to customize electrical stimulation waves to be admin- 
istered into the brain for treatment of neurological disorders. 

In some embodiments, the method may include receiving 
neural signals from the brain. These neural signals may con- 
sist of either or both of two signals: local field potential (LEP) 
signals and high frequency spike signals. The method also 
may include recording the signals into a memory, amplifying 
the received signals via an amplifier module, and encoding 
the amplified signals in the digital logarithmic domain via a 
logarithmic analog-to-digital converter module. The method 
further may include filtering in the log domain, via a logarith- 
mic digital filter module, the received neural signals. The 
method may also include measuring the filtered signals and 
calculating at least one optimal stimulation parameter via a 
programmable digital PI-controller within a digital signal 
processor. The method also may include generating, via a 
stimulator module, a stimulation based on calculated opti- 
mized stimulation parameters. The method may further 
include transmitting the generated stimulation signal to an 
individual. 

In other embodiments, an apparatus may include an ampli- 
fier used to receive, record, and/or amplify neural signals 
received from a brain. The apparatus may include a logarith- 
mic analog-to-digital converter module to encode the 
received neural signals into the digital domain. The apparatus 
may also include a logarithmic digital filter module to filter 
the received neural signals, and a digital signal processor 
module to measure the received neural signals. The apparatus 
may further include a digital PI-controller within the digital 
signal processor to determine optimal stimulation parameters 
based on neural signal measurements. 

In some embodiments, the system or method may further 
comprise a power management module, including a radio 
frequency-DC converter module, capable of providing power 
to at least one of the amplifier module, logarithmic analog- 
to-digital converter module, logarithmic digital filter module, 
digital signal processor, and stimulator module. This allows 
use of a DBS device without the inherent complications of 
battery installation within a human body, including the risk of 
wire erosion, wire snapping, battery corrosion, and periodic 
surgeries for battery replacement. In these embodiments, the 
power management block may be composed of a RF-DC 
converter, low-dropout regulators (LDOs), and bandgap ref- 
erence circuits, supplying 1.8V from a 915 MHz carrier to the 
entire DBS system. 

In some embodiments, the system or method may further 
comprise a clock generator module. A relaxation oscillator 
may be used in these implementations in place of an LC based 
oscillator, which is impractical due to its large size of inductor 
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needed to achieve a slow clock speed. One possible relaxation 
oscillator is a source-coupled multivibrator, desirable for its 
simple structure and small number of circuit components. 
This multivibrator can be implemented to generate a 800 kHz 
on chip clock signal for the entire system. 

In some embodiments, the system or method may further 
comprise a radio frequency transceiver for monitoring the 
state of the patient or the device itself, among other tasks. A 
low-power backscatter based RF transceiver may be used for 
its extremely low power consumption and simplicity of 
design on the transponder side. A 800 kbps power-efficient 
backscatter RF transmitter may communicate recorded LFP, 
spike, orraw data wirelessly to an external receiver for further 
analysis. Alternatively, the RF transceiver may also receive 
stimulation parameters manually set by a doctor or technician 
and transmitted wirelessly. 


BRIEF DESCRIPTION OF THE DRAWINGS 


FIG. 1 is a diagram of one embodiment of a log-based 
closed-loop deep brain stimulating device. 

FIG. 2 is a schematic of one embodiment of a band-pass 
amplifier with a two-stage cascade structure. 

FIG. 3 is a diagram of one embodiment of an 8-bit pipeline 
logarithmic analog-to-digital converter (ADC) with a graph 
showing the effect of pre-conversion of ADC input to avoid 
logarithmic dead zone. 

FIG. 4 is a diagram depicting one embodiment of a fully 
differential sample and hold (SHA) circuit that embeds the 
pre-conversion scheme. 

FIG. 5 is a diagram depicting one embodiment of a simpli- 
fied schematic of'a logarithmic 1.50 bit stage ofthe logarith- 
mic ADC. 

FIG. 6 is a schematic of one embodiment of a bias circuit. 

FIG. 7 is a schematic of one embodiment of a logarithmic 
digital FIR filter. 

FIG. 8 is a flow diagram of one embodiment of a closed- 
loop stimulation showing the interior functionality of the 
stimulation controller. 

FIG. 9 is a schematic of one embodiment of a full-wave 
rectifier that generates unregulated Vdd of 2.2 V from 915 
MHz carrier. 

FIG. 10 is a schematic of one embodiment of a low-dropout 
regulator (LDO). 

FIG. 11 is a schematic of one embodiment of a bandgap 
reference circuit. 

FIG. 12 is a schematic of one embodiment of an 8-channel 
current stimulator. 

FIG. 13 is a schematic of one embodiment of a clock 
generator. 

FIG. 14 is a block diagram of one embodiment of an RF 
transceiver. 

FIG. 15 is a block diagram of one embodiment of a DBS 
process. 

FIG. 16A is a schematic of a measured output spectrum of 
the designed analog front-end (4-ch. LNAs+log ADC). 

FIG. 16B is a schematic ofa measured DNL and INL ofthe 
designed analog front-end (4-ch. LNAs+log ADC). 

FIG. 16C is a schematic of a measured frequency response 
of the designed analog front-end (4-ch. LNAs+log ADC). 

FIG. 16D is a schematic of a recorded output of the 
designed analog front-end (4-ch. LNAs+log ADC) with a 
pre-recorded neural signal from a rodent's brain applied as 
input to the system. 

FIG. 17A is a schematic of a measured stimulation current 
waveforms of low-current and high-current stimulation chan- 
nels with 6.23 kQ and 2200 respectively. 
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FIG. 17B is a schematic ofa high-current stimulation chan- 
nel in closed loop mode using LFP energy detection. 

FIG. 18 is a schematic of a die micrograph of one embodi- 
ment of a log-based closed loop DBS system. 

FIG. 19 is a block diagram of one embodiment of a power 
management block. 

FIG. 20 is a block diagram showing an exemplary elec- 
tronic device in the form of a computer supporting a closed- 
loop neural stimulation process. 


DETAILED DESCRIPTION 


The disclosed system and method may utilize a closed- 
loop DBS system to provide treatment of various neurologi- 
cal disorders, including essential tremor, dystonia, and Par- 
kinson's disease. This treatment may involve stimulation of 
the subthalamic nucleus with periodic, high freguency elec- 
tric pulse trains. Because each individual's brain responds 
differently to such signals, stimulation parameters should be 
set individually for each patient to provide optimal treatment. 
Stimulation signals may be adjusted by varying parameters 
such as amplitude, pulse width, and repetition rate. 

Instead of a neurologist or technician determining stimu- 
lation parameters through visual observation of symptoms, 
the method herein disclosed can determine and set these 
parameters automatically based on measurements of signals 
in the brain. Though the underlying principles of DBS are not 
yet known, it is understood that two particular brain signals, 
local field potential (LFP) signals and spike signals, provide 
feedback information useful in setting stimulation param- 
eters. Spike signals, also known as action potentials, can have 
bandwidths from 100 Hz to 10 KHz and amplitudes up to 500 
uV. LFP signals can have bandwidths from 1 Hz to 100 Hz and 
amplitudes up to 5 mV. Neural spike signals were tradition- 
ally thought to be the best feedback indicators for DBS treat- 
ment. However, recent research suggests that LFP signals are 
in fact much better DBS feedback indicators. 

FIG. 1 provides an overview of one embodiment of closed- 
loop DBS. First, neural signals may be received from a brain. 
In one embodiment these signals may be comprised of local 
field potential signals (LFP) and/or high frequency spike 
neural signals. These signals may be received and amplified 
by low-noise neural amplifier modules 102. A logarithmic 
analog-to-digital converter module (ADC) 104 may then 
encode the neural signals into the digital domain. A logarith- 
mic digital filter module 106 may then filter the received 
signals, at which point a digital signal processor 108 may 
determine the optimal stimulation parameters based on the 
neural signal measurements. A stimulator module 110 may 
then generate stimulation based on the calculated optimized 
stimulation parameters. In one embodiment, a power har- 
vester 120 may be used to convert radio frequency waves to 
DC energy. The power harvester is composed of low-dropout 
regulators (LDOs) 112, a rectifier 110, and a bandgap refer- 
ence 114. In one embodiment, a clock generator 118 may be 
implemented to generate a clock signal. A detailed descrip- 
tion of the DBS process follows. 

The disclosed system and method may first utilize low- 
noise neural amplifiers (LNAs) 102 to receive, record and 
amplify both LFP and spike signals from the brain. Because 
these signals exhibit different bandwidth and amplitude char- 
acteristics, there are few integrated circuit (IC) systems 
capable of recording both simultaneously. In order to achieve 
this, the LNAs 102 should exhibit a high dynamic range, good 
noise performance, and wide bandwidth. Rather than use a 
traditional general band-pass amplifier, the disclosed system 
and method may implement a two-stage cascade structure to 
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achieve these characteristics, as shown in FIG. 2. Such a 
configuration allows for an appropriately high gain while 
suppressing out-of-band signals and reducing noise. 

Still referring to FIG. 2, the first stage may have a pass- 
band gain higher, e.g. 50, than the pass-band gain of the 
second stage, e.g. 10. The larger gain in the first stage may 
reduce the effect from the second stage to the input-referred 
noise ofthe entire LNA while keeping the total capacitor area 
manageable. The amplifiers in the first and second stages may 
be folded cascode amplifiers with an NMOS input pair to 
provide sufficient gain. The input pair of amplifiers may be 
sized to W=20 um and L=20 um to reduce total noise. A 
pseudoresistor comprised of two back-to-back diode-con- 
nected NMOSs may be used to emulate high resistance. 

Once neural signals are recorded and amplified by LNAs 
102, the signals may be encoded into the digital domain using 
a pipeline logarithmic analog-to-digital converter (ADC) 104 
to facilitate digital processing. Using a logarithmic ADC 
rather than a linear ADC presents several advantages. Neural 
signals, like many other real-world signals, are best repre- 
sented on a logarithmic rather than linear scale. These signals 
exhibit a high dynamic range and require high-resolution 
analog to digital conversion under a conventional linear 
encoding scheme. However, this increased ADC resolution 
results in larger area consumption, higher power consump- 
tion, or slower conversion speed. Alternatively, a variable 
gain amplifier (VGA) can be used to expand dynamic range, 
but VGA is generally slow and responds poorly to fast varying 
signals. Use of a pipeline logarithmic ADC, by contrast, 
presents none of these issues. 

The transfer function of pipeline logarithmic ADC is as 
follows: 


V. 
2" .logg| B: —- 
| zi V, 


range 


) =by 120 +... + bo 


The transfer function assumes an N-bit logarithmic ADC 
with an input voltage, V;,, a full-scale input range, V „anges 
output digital bits by. ¡-b,, and the base of logarithm function, 
B. 

The least significant bit size increases as the input signal 
level increases, as dictated by the following: 


FEN 


1 
LSB; = Vrange B Hs -1] where j=0,1,2,...,2% -1 


The maximum and minimum bit size, therefore, are given 
by: 


LSB,a = Vine ÍI -B: 


1 
LSBynin = rng (082° l-g) 


The dynamic range (DR) is defined as the ratio of the input 
range to the smallest resolvable signal, as described by: 
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Therefore, as the base of the logarithmic function, B, and 
the resolution, N, increase, DR also increases. Because of this 
logarithmic scale coding, a log-ADC has a higher DR than a 
conventional linear ADC. 

As shown in FIG. 3, all logarithmic ADC inputs smaller 
than 0.1x V „ange are converted to a digital output 0 losing the 
benefit of high DR characteristic of logarithmic conversion. 
This logarithmic dead zone can be overcome with a pre- 
conversion of the input signal. With B=10, for example, input 
x is pre-converted to y=0.9x+0.1, where y is the input to 
logarithmic conversion. This pre-conversion scheme effec- 
tively eliminates the log dead-zone without losing significant 
DR. A pre-conversion graph is shown at 304, and a post- 
conversion graph is shown at 306. 

Before pre-conversion the polarity of the input signal 310 
may be checked and, if necessary, converted to a positive 
number as required by the logarithmic function. After the sign 
decision and pre-conversion, five 1.5-bit stages 312 and a 
2-bit flash ADC 314 may process the signal and a digital logic 
block 302 may calculate the 8-bit digital output. 

Direct logarithmic conversion of a 1.5-bit stage in linear 
domain requires a squaring operation to replace multiplica- 
tion-by-2 in the linear domain and conditional multiplication 
to replace the conditional addition or subtraction in the linear 
domain. This circuitry is shown at 308. To avoid analog 
squaring, the reference voltages for the comparators and the 
gain settings for conditional addition are scaled in order to 
achieve the same result. The reference voltages for aj” 1.5-bit 
stage are given by: 

V___.p-1252 


range 
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where Vo, and Vn; are the first and second reference 
voltages for aj” 1.5-bit stage, and V ange 18 the full scale input 
range. The gain settings for a j” 1.5-bit stage are given by: 


Goj = BY, Vin < Vrefoj 
Gj(Vin) = Gij < pun 
Go; = 1, 


Vreror < Vin S Vierij 
Vrefif € Vin S Vrange 


where Gç, Gij and G5, are gains for the first, second, and 
third input region for a j” 1.5-bit stage, respectively, and 
V yange 18 the full scale input range. 

Returning to FIG. 3, one embodiment of an 8-bit logarith- 
mic ADC with one sign bit and a base of 10 is shown. A 
sampling rate of 100 kSample/s may be chosen to process 
neural data from four recording channels simultaneously with 
some bandwidth margin. This configuration (7-bit resolu- 
tion+1 sign bit) provides a DR of61 dB, which is high enough 
to cover the entire range of spike and LFP signals. 

FIG. 4 illustrates an example of a fully differential sample 
and hold circuit 308 that embeds the pre-conversion scheme. 
A common mode voltage of 800 mV may be used throughout 
the entire ADC 104. Three clock signals $,, $,', and $, may 
control the operation of the sample and hold circuits with the 
help of bottom-plate sampling. When q, is high, the stage 
input may be sampled and the output may be reset. When $; 
is high, the input is amplified and the output is set by the 
following equation: 


V,,70.9-V, 40.1-V, 


range 

For the op-amps in the SHA block 308 and the 1.5-bit 
stages 312 shown in FIG. 3, a folded cascade amplifier with a 
PMOS input pair 308 may be used for its high gain and low 


US 8,892,208 B2 


7 


power consumption. The full scale input range, Vrange, may 
be set to 600 mV which is the maximum achievable voltage 
swing that allows all MOS devices in the cascode amplifiers 
in saturation region. The amplifiers are scaled through the 
stages to match the gain-bandwidth requirement. 

FIG. 5 shows a schematic of a fully differential 1.5-bit 
stage 312 of the logarithmic ADC 104. As in the SHA block 
308 shown in FIG. 3, three clock signals, $,, $,'. and Q», 
control the operation of the sample and hold circuits with the 
help of bottom-plate sampling. When q, is high, the stage 
input may be sampled and the output may be reset. When $; 
is high, comparators decide the output bits and the residue is 
amplified with a gain depending on the bit decision. A two- 
stage regenerative comparator is used for the sign decision 
block 310 and 1.50-bit stages 312, and the size of the input 
pairs of the comparators are scaled through the stages as the 
mismatch requirement becomes more strict due to the 
decrease of input range along the stages. 

FIG. 6 shows a schematic of a bias circuit, which is used to 
generate reference voltages of the ADC 104. The bias circuit 
is implemented entirely on-chip to enable the single-chip 
operation ofthe neural stimulation SoC. The schematic of the 
bias circuits is comprised of a two-stage amplifier with fre- 
quency compensation and a resistor ladder. The common 
mode voltage and differential full scale input range voltages, 
as well as the differential reference voltages, are generated 
from the bias circuits. 

Once neural signals are expressed digitally in logarithmic 
scale after passing through a pipeline logarithmic ADC 104, 
the signals may be passed through log domain digital filters 
106 to separate the low frequency LDF signals from the high 
frequency spike signals, as shown in FIG. 7. Using logarith- 
mic arithmetic, the LFP energy may be calculated from the 
filtered LFP signals and later used by the programmable 
closed-loop digital PI-controller within a digital signal pro- 
cessor 108 to set the optimal stimulation parameters. 

Filtering in the logarithmic domain presents several advan- 
tages over filtering in the linear domain. For a given DR 
requirement, for example, fewer bits are needed for a loga- 
rithmic number system compared to the conventional linear 
number system. Furthermore, multiplication in linear-do- 
main is equivalent to addition in logarithmic domain as 
described by: 


log(X-Y)-log X+log Y 


where X and Y are positive numbers. This equation sug- 
gests that power-consuming multipliers may be substituted 
with adders, which, in conjunction with fewer required bits, 
leads to lower power consumption for a digital processing 
unit. 

Linear-domain addition is less intuitive in the log-domain, 
but several existing methods simplify this process. One 
method isto use a lookup table, a particularly simple solution. 


log(X + Y) = log x (1 + x) = logX + log(1 + 10%82/-lo3X) 


Inthe above equation, as the value oflog Y -log X becomes 
larger, 1410’ *08 X approximates 10/98 Pos X which is 
easily calculable. In the case that log Y-log X is not large 
enough, a lookup table is needed to find the value of log(1+ 
10/28 Fez X). There exists a threshold value beyond which 
10/es Pest and 1+10!98 Tos X are the same, as seen in FIG. 7. 
Therefore, a lookup table is needed only when log Y -log X is 
smaller than that threshold. 
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As shown in FIG. 7, a 15" order digital FIR low-pass filter 
(LPF)anda high-pass filter (HPF) may be implemented in the 
system to separate the low frequency LFPs and the high 
frequency spikes from the digitized neural data and to provide 
those signals simultaneously. The digital filters may be run 
with a 400 kHz clock. Both the LPF and the HPF may each 
have the same 3 dB cutoff frequency of 700 Hz. 

After the LPF and spike signals are separated using digital 
filters, the filtered LFP signal may be measured and used to 
determine stimulation parameters by a PI controller within a 
digital signal processor 108, as shown in FIG. 8. The energy 
of the log-domain LFP signal may be calculated by a digital 
signal processor 108 using simple logical 1-bit left-shifting. 
To generate the appropriate output parameters, the product of 
the controller constants and the controller input may be cal- 
culated in the log domain through simple addition. 

In one embodiment, the system and method may use a 
power management block 120 to power the system, obviating 
the need for a battery or AC power source. The power man- 
agement block 120 may be made up of a RF-DC converter 
110, low-dropout regulators (LDOs) 112, and bandgap refer- 
ence circuits 114. 

As shown in FIG. 9, the RF-DC converter 110 may make up 
one element of the power management block. Input of the 
RF-DC converter may be connected to an antenna that 
receives a 915 MHz carrier. A full-wave self-threshold-com- 
pensated rectifier may be used, which can generate unregu- 
lated V pp of 2.2V and charges V jj, on a 1 nF on-chip capaci- 
tor, as shown in FIG. 19. Additionally, as shown in FIG. 9, the 
body of each FET may be tied to the drain for reduced on- 
resistance and reverse-biased leakage. 

A low-drop regulator (LDO) 112 may make up another 
element of the power management block, as shown in FIG. 
10. The output voltage, V pp, may be set by the diode ladder 
and bandgap reference voltage, Vs. The LDOs 112 may be 
designed to be fully on-chip requiring no external on-board 
passive components to achieve small size and single-chip 
operation capability of the proposed closed-loop stimulation 
system. The frequency compensation capacitor, Co, may be 
used to provide a high frequency path. 

As shown in FIG. 11, the bandgap voltage reference 114 
may make up another element of the power management 
block. The bandgap reference 114 may be used to provide a 
stable voltage reference throughout the entire system. 

In one embodiment, the system and method may imple- 
ment a programmable current stimulator 110 to deliver neu- 
rostimulation, as shown in FIG. 12. Biphasic stimulation may 
be chosen to avoid tissue damage caused by residual charge. 
Various stimulation parameters may be altered to optimize 
treatment, including amplitude, pulse width, and stimulating 
frequency of the stimulation current. 

The current stimulator 110 may be made up of three parts: 
eight 6-bit current steering digital to analog converters 
(DACs) 122, dedicated DAC controllers for each current 
DAC 124, and stimulation parameter registers 126. DAC 
controllers 124 may control current DACs according to the 
stimulation parameter input from the registers to generate 
biphasic stimulation current. In order to support a variety of 
stimulation probes, six DACs may be used to drive current up 
to 116 uA, and two other DACs may be used to drive current 
up to 4.2 uA. Additionally, the high current channels may 
drive miniature LEDs for optogenetic applications as well as 
DBS probes. À triple cascode current-steering DAC may be 
utilized for its high linearity. 

In one embodiment, the system and method may imple- 
ment a clock generator 118, as shown in FIG. 13. A relaxation 
oscillator may be used, as it can save space by not requiring 
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inductors. A source-coupled multivibrator, for example, is a 
relaxation oscillator that may be used to generate an 800 kHz 
on-chip clock signal for the entire system. As shown in FIG. 
13, amplifiers and an inverter may be used to follow a source- 
coupled multivibrator to generate a rail-to-rail clock. A 6-bit 
digitally controlled capacitor array may be implemented in 
the design to provide an accurate 800 kHz output, even with 
significant process variation. 

In one embodiment, the system and method may imple- 
ment a radio frequency transceiver 116, as shown in FIG. 14. 
This transceiver 116 may be used to monitor the states of a 
patient or the device itself. Specifically, a backscatter type 
communication scheme may be used for its extremely low 
power consumption and simplicity of design on the transpon- 
der side. An 800 kbps power-efficient backscatter RF trans- 
mitter may communicate recorded LFP, spike, or raw data 
wirelessly to an external receiver for further analysis. The RF 
transceiver 116 may also enable manual stimulation param- 
eter-setting through wireless communication. 

As shown in FIG. 14, the transceiver 116 may be a half- 
duplex type that works as a receiver or transmitter depending 
on a digital mode control bit, RX EN. The transmitter may 
simply consist of buffers and a switch transistor for imped- 
ance modulation. The receiver may function based on a pulse- 
width modulation (PWM) scheme. 

FIG. 15 illustrates a block diagram of an exemplary 
method for conducting closed loop deep brain stimulation. 
The method may include receiving a neural signal from a 
brain (block 1502). In one embodiment the signals may be 
local field potential signals. The method may then record and 
amplify the received signals (block 1504). The method may 
further include encoding the amplified neural signals into the 
digital domain (block 1506) and filtering the encoded signals 
(block 1508). The method may then include measuring the 
encoded signals (block 1510) and determining optimal stimu- 
lation parameters (block 1512) which then may be used to 
generate electrical stimulation (block 1514). This method 
may be encoded on a computer-readable storage medium 
comprising computer-readable instructions stored thereon, 
executed on a processor of a system. 

FIGS. 16-17 depict results oftesting ofa prototype system- 
on-chip (SoC) which is shown in FIG. 18. Specifically, FIG. 
16A shows the measured output spectrum ofthe analog front- 
end. The SNDR of the analog front-end (4-ch. LNAs and 
log-ADV combined) is 35.5 dB at an input frequency of 
170.898 Hz. 

FIG. 16B shows the measured DNL/INL of the analog 
front-end. Signals of amplitude 1.2 mV are applied for the 
DNL/INL and output spectral measurement of analog front 
end. The maximum DNL/INL is 0.82 LSB/0.89 LSB. 

FIG. 16C shows the measured frequency response of the 
two sets of 15^ order digital FIR low-pass and high-pass 
filters implemented in the prototype to separate the low- 
frequency LFPs and the high frequency spikes from the digi- 
tized neural data ofthe two channels simultaneously. Both the 
LFP and HFP have the same 3 dB cutoff frequency of 700 Hz. 
In this prototype, the more energy efficient operation of addi- 
tioncan beused in place of multiplication due to the useoflog 
domain processing, and the equivalence of addition in the log 
domain with multiplication in the linear domain. The proto- 
type utilizes a lookup table for logarithmic accumulation. If 
the difference of the two inputs is larger than a threshold, the 
output of accumulation is approximated by the larger input, 
obviating the need for table lookup. 

FIG. 16D shows measured LFP and spike recordings of a 
pre-recorded neural signal from a rodent's brain. The proto- 
type cleanly extracts LFPs, spikes, and raw signals. 
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FIG. 17A shows the measurements ofa stimulation current 
pulse train created by the prototype's current stimulator. Both 
current stimulation channels show a pulse-width of 1 ms and 
a repetition rate of 15.4 Hz. Amplitudes of a low-current 
channel and a high-current channel are 116 LA and 4.19 mA, 
respectively. FIG. 17B shows a high-current stimulation 
channel in closed loop mode using LFP energy detection, 
demonstrating the ability ofthe prototype to adapt the stimu- 
lation current in real-time by responding to the energy of the 
LFP signals. 

Referring again to the prototype in FIG. 18, a die micro- 
graph of an embodiment fabricated in 180 nm CMOS is 
shown. The total area (excluding only I/O pads) is 2x2 mu”. 
The embodiment is powered from a 915 MHz carrier signal 
generating 1.8V. The LNAs in the embodiment are comprised 
of a cascade of two active band-pass filters and achieve a 
measured gain of 54 dB over a passband from 0.64 Hz to 6 
KHz. The log-ADC improves on that by removing the dead 
zone where signals are compressed below the quantization 
range. The function Y=0.9[V,,/V, ,2el+0.1 is applied within 
the SHA to remove this dead zone without losing dynamic 
range. 

With reference to FIG. 20, an exemplary system for imple- 
menting the claimed method and apparatus includes a general 
purpose computing device in the form of a computer 2110. 
Components shown in dashed outline are not technically part 
ofthe computer 2110, but are used to illustrate the exemplary 
embodiment of FIG. 20. Components of computer 2110 may 
include, but are not limited to, a processor 2120, a system 
memory 2130, a memory/graphics interface 2121 and an I/O 
interface 2122. The system memory 2130 and a graphics 
processor 2190 may be coupled to the memory/graphics 
interface 2121. A monitor 2191 or other graphic output device 
may be coupled to the graphics processor 2190. 

A series of system busses may couple various system com- 
ponents including a high speed system bus 2123 between the 
processor 2120, the memory/graphics interface 2121 and the 
I/O interface 2122, a front-side bus 2124 between the 
memory/graphics interface 2121 and the system memory 
2130, and an advanced graphics processing (AGP) bus 2125 
between the memory/graphics interface 2121 and the graph- 
ics processor 2190. The system bus 2123 may be any of 
several types of bus structures including, by way of example, 
and not limitation, such architectures include Industry Stan- 
dard Architecture (ISA) bus, Micro Channel Architecture 
(MCA) bus and Enhanced ISA (EISA) bus. As system archi- 
tectures evolve, other bus architectures and chip sets may be 
used but often generally follow this pattern. For example, 
companies such as Intel and AMD support the Intel Hub 
Architecture (IHA) and the Hypertransport!M architecture, 
respectively. 

The computer 2110 typically includes a variety of com- 
puter readable media. Computer readable media can be any 
available media that can be accessed by computer 2110 and 
includes both volatile and nonvolatile media, removable and 
non-removable media. By way of example, and not limita- 
tion, computer readable media may comprise computer stor- 
age media. Computer storage media includes both volatile 
and nonvolatile, removable and non-removable media imple- 
mented in any method or technology for storage of informa- 
tion such as computer executable instructions, data struc- 
tures, program modules or other data. Computer storage 
media includes RAM, ROM, EEPROM, flash memory or 
other memory technology, CD-ROM, digital versatile disks 
(DVD) or other optical disk storage, magnetic cassettes, mag- 
netic tape, magnetic disk storage or other magnetic storage 
devices, data stores, or other physical storage elements that 
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physically embody electronic data and excludes any propa- 
gated media such as radio waves or modulated carrier signals. 

The system memory 2130 includes computer storage 
media in the form of volatile and/or nonvolatile memory such 
as read only memory (ROM) 2131 and random access 
memory (RAM) 2132. The system ROM 2131 may contain 
permanent system data 2143, such as computer-specific data 
that may be used as a seed for generating random numbers or 
nonces, for example, for use in item selection and statistical 
calculations. RAM 2132 typically contains data and/or pro- 
gram modules that are immediately accessible to and/or pres- 
ently being operated on by processor 2120. By way of 
example, and not limitation, FIG. 20 illustrates operating 
system 2134, application programs 2135, other program 
modules 2136, and program data 2137. 

The I/O interface 2122 may couple the system bus 2123 
with a number of other busses 2126, 2127 and 2128 that 
couple a variety of internal and external devices to the com- 
puter 2110. A serial peripheral interface (SPI) bus 2126 may 
connect to a basic input/output system (BIOS) memory 2133 
containing the basic routines that help to transfer information 
between elements within computer 2110, such as during start- 
up. 

A super input/output chip 2160 may be used to connect to 
a number of “legacy” peripherals, such as floppy disk 2152, 
keyboard/mouse 2162, and printer 2196, as examples. The 
super I/O chip 2160 may be connected to the I/O interface 
2122 with a bus 2127, such as a low pin count (LPC) bus, in 
some embodiments. Various embodiments of the super I/O 
chip 2160 are widely available in the commercial market- 
place. In one embodiment, bus 2128 may be a Peripheral 
Component Interconnect (PCI) bus. 

Thecomputer 2110 may also include other removable/non- 
removable, volatile/nonvolatile computer storage media. By 
way of example only, FIG. 20 illustrates a hard disk drive 
2140 that reads from or writes to non-removable, nonvolatile 
magnetic media. The hard disk drive 2140 may be a conven- 
tional hard disk drive. 

Removable media, such as a universal serial bus (USB) 
memory 2153, firewire (IEEE 1394), or CD/DVD drive 2156 
may be connected to the PCI bus 2128 directly or through an 
interface 2150. Other removable/non-removable, volatile/ 
nonvolatile computer storage media that can be used in the 
exemplary operating environment include, but are not limited 
to, magnetic tape cassettes, flash memory cards, digital ver- 
satile disks, digital video tape, solid state RAM, solid state 
ROM, and the like. 

The drives and their associated computer storage media 
discussed above and illustrated in FIG. 20, provide storage of 
computer readable instructions, data structures, program 
modules and other data for the computer 2110. In FIG. 20, for 
example, hard disk drive 2140 is illustrated as storing oper- 
ating system 2144, application programs 2145, other program 
modules 2146, and program data 2147. Note that these com- 
ponents can either be the same as or different from operating 
system 2134, application programs 2135, other program 
modules 2136, and program data 2137. Operating system 
2144, application programs 2145, other program modules 
2146, and program data 2147 are given different numbers 
here to illustrate that, at a minimum, they are different copies. 
A user may enter commands and information into the com- 
puter 2110 through input devices such as a mouse/keyboard 
162 or other input device combination. Other input devices 
(not shown) may include a microphone, joystick, satellite 
dish, scanner, or the like. These and other input devices are 
often connected to the processor 2120 through one of the I/O 
interface busses, such as the SPI 2126, the LPC 2127, or the 
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PCI 2128, but other busses may be used. In some embodi- 
ments, other devices may be coupled to parallel ports, infra- 
red interfaces, game ports, and the like (not depicted), via the 
super I/O chip 2160. 

The computer 2110 may operate in a networked environ- 
ment using logical communication ports to one or more 
remote computers, such as a remote computer 2180 via a 
network interface controller (NIC) 2170. The remote com- 
puter 2180 may be a personal computer, a server, a router, a 
network PC, a peer device or other common network node, 
and typically includes many or all of the elements described 
above relative to the computer 2110. The logical connection 
between the NIC 2170 and the remote computer 2180 
depicted in FIG. 20 may include a local area network (LAN), 
a wide area network (WAN), or both, but may also include 
other networks. Such networking environments are common- 
place in offices, enterprise-wide computer networks, intra- 
nets, and the Internet. 

The invention claimed is: 

1. A method for conducting deep brain stimulation of an 
individual, the method comprising: 

receiving neural signals from a brain; 

recording the received neural signals into a memory; 

amplifying, via an amplifier module, the received neural 

signals; 

encoding, via a logarithmic analog-to-digital converter 

module, the amplified neural signals into a digital 
domain; 

filtering in the logarithmic domain, via a logarithmic digi- 

tal filter module, the encoded neural signals; 
measuring the filtered neural signals; 

calculating at least one optimal stimulation parameter, via 

a digital signal processor, based on the measured neural 
signals; 

generating, via a stimulator module, a stimulation signal 

based on the calculated at least one optimal stimulation 
parameter; and 

transmitting the generated stimulation signal to the indi- 

vidual. 

2. The method of claim 1, wherein the received neural 
signals include at least one local field potential (LFP) signal 
and/or at least one high frequency spike neural signal. 

3. The method of claim 1, wherein the amplifier is a low- 
noise neural amplifier arranged in a two-stage cascade struc- 
ture. 

4. The method of claim 1, wherein the encoding into the 
digital domain via logarithmic analog-to-digital converter 
module includes pre-converting the received neural signals to 
remove a logarithmic dead zone. 

5. The method of claim 1, wherein filtering the encoded 
neural signals via the logarithmic digital filter module 
involves separating low frequency LFP signals and high fre- 
quency neural spike signals. 

6. The method of claim 1, wherein measuring the filtered 
neural signals includes utilizing bit-shifting to measure local 
field potential energy. 

7. The method of claim 1, further comprising powering the 
digital signal processor with a radio frequency-DC converter. 

8. The method of claim 1, further comprising generating a 
time signal via a clock generator module. 

9. The method of claim 1, further comprising utilizing a 
radio frequency transceiver to monitor the individual's brain 
state. 

10. An apparatus for conducting deep brain stimulation on 
an individual, the apparatus comprising: 

an amplifier module for receiving, recording, and amplify- 

ing neural signals received from the individual; 
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a logarithmic analog-to-digital converter (ADC) module 
operatively connected to the amplifier module, the loga- 
rithmic analog-to-digital converter module being 
capable of encoding neural signals received from the 
amplifier module into the digital domain; 

a logarithmic digital filter module operatively connected to 
the logarithmic analog-to-digital converter module, the 
logarithmic analog-to-digital converter module being 
capable of filtering, in the logarithmic domain, encoded 
neural signals received from the logarithmic analog-to- 
digital converter module; 

a digital signal processor (DSP) module operatively con- 
nected to the logarithmic analog-to-digital converter 
module and capable of measuring filtered neural signals 
received from the logarithmic digital filter module and 
of calculating at least one optimal stimulation parameter 
based on the measured neural signals received from the 
digital processor module; 

a stimulator module operatively connected to the digital 
signal processor and capable of generating a stimulation 
signal based on at least one calculated optimal stimula- 
tion parameter; and 

atransmitter module for transmitting the generated stimu- 
lation signal to the individual. 

11. The apparatus of claim 10, wherein the amplifier mod- 
ule is configured to receive signals comprised of local field 
potential (LFP) signals and high frequency spike neural sig- 
nals. 

12. The apparatus of claim 10, wherein the amplifier mod- 
ule is a low-noise neural amplifier arranged in a two-stage 
cascade configuration. 

13. The apparatus of claim 10, wherein the logarithmic 
analog-to-digital converter is configured to pre-convert the 
received neural signal to remove the logarithmic dead zone. 

14. The apparatus of claim 10, wherein the logarithmic 
digital filter module is configured to separate the low fre- 
quency LFP signals and high frequency neural spike signals. 
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15. The apparatus of claim 10, wherein the digital signal 
processor is configured to measure the local field potential 
signal energy using bit-shifting. 

16. The apparatus of claim 10, further comprising a power 
management module including a radio frequency-DC con- 
verter module and capable of providing power to at least one 
of the amplifier module, logarithmic analog-to-digital con- 
verter module, logarithmic digital filter module, digital signal 
processor, and stimulator module. 

17. The apparatus of claim 10, further comprising a clock 
generator module operatively connected to the analog-to- 
digital converter module. 

18. The apparatus of claim 10, further comprising a radio 
frequency transceiver module operatively connected to the 
logarithmic digital filter module. 

19. A non-transitory computer-readable storage medium 
comprising computer-readable instructions stored thereon 
and to be executed on a processor of a system for conducting 
deep brain stimulation on an individual, the stored instruc- 
tions comprising: 

receiving neural signals from the individual's brain; 

recording the received neural signals into a memory; 

amplifying, via an amplifier module, the received neural 
signals; 

encoding, via a logarithmic analog-to-digital converter 

module, the amplified neural signals into a digital 
domain; 

filtering in the logarithmic domain, via a logarithmic digi- 

tal filter module, the encoded neural signals; 
measuring the filtered neural signals; 

calculating at least one optimal stimulation parameter, via 

a digital signal processor, based on the measured neural 
signals; 

generating, via a stimulator module, a stimulation signal 

based on the calculated at least one optimal stimulation 
parameter; and 

transmitting the generated stimulation signal to the indi- 

vidual. 


